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Abstract
We calculate the supersymmetric O(s) QCD corrections to the widths of
the Higgs boson decays H+ ! ~t~b and H0; A0 ! ~t~t;~b~b in the on{shell scheme
within the Minimal Supersymmetric Standard Model. We nd that the QCD
corrections are signicant, but that the squark pair decay modes are still domi-
nant in a wide parameter region.
1 Introduction
It is well known that the Minimal Supersymmetric Standard Model (MSSM) [1] pre-
dicts the existence of ve physical Higgs bosons h0; H0; A0, and H [2, 3]. In order
to facilitate experimental Higgs boson searches it is necessary to perform a thorough
theoretical study of their decay branching ratios [4]. Their decays into supersym-
metric (SUSY) particles can be very important if they are kinematically allowed
[5, 6, 7, 8]. The decays into the 3rd{generation squarks ~t and ~b can play a special
ro^le because they can be much lighter than the other squarks and the decays can be
strongly enhanced due to their large Yukawa couplings and their large ~qL−~qR mixings
[6, 7, 8]. The tree{level results of Refs. [6, 8] show that the decay modes H+ ! ~t~b
and H0; A0 ! ~t~t;~b~b can be dominant in a large region of the parameter space of the
MSSM, and that this could have an important impact on searches for H+; H0, and
A0 at future colliders.
The SUSY QCD corrections to the decays H+ ! tb and H0; A0 ! tt; bb can be
large [9]. This suggests that the QCD corrections to H+ ! ~t~b and H0; A0 ! ~t~t;~b~b
could also be large. Therefore it is very important to examine whether the results of
Refs. [6, 8] remain valid after including the QCD corrections. In Ref. [10] it was shown
that the QCD corrections to H+ ! ~t~b can be signicant in the DR renormalization
scheme, but that they do not invalidate the result in Ref. [6] on the dominance of the
H+ ! ~t~b mode in a large parameter region.
In the present paper we extend our study to the decays of the charged and neutral
Higgs bosons. We use the on{shell scheme which is more appropriate for the discussion
of physical observables. We calculate the complete O(s) QCD corrections to the
widths of the decays H+ ! ~t~b and H0; A0 ! ~t~t;~b~b within the MSSM including all
quark mass terms and ~qL− ~qR mixings. The main complication here is that the ~qL− ~qR
mixing angles are renormalized by the SUSY{QCD corrections. This problem was rst
solved in Ref. [11] in the treatment of e+e− ! ~q~q, where a suitable renormalization
condition for the squark{mixing angle was found. The method was also applied in [12,
13, 14, 15] to ~qi ! q~
0;
j and t! ~t1 ~
0
1. In the present study we use the renormalization
prescription as given in [11]. Furthermore, we point out that special attention must be
paid to the soft SUSY{breaking parameter M ~Q, which enters the stop and sbottom
mass matrices: in the on{shell scheme, where we go from the bare to the physical
quantities, the shift in M ~Q will be dierent in the stop and sbottom sector.
We nd that the QCD corrections to the squark pair widths are signicant, but that
the squark pair modes (H+ ! ~t~b and H0; A0 ! ~t~t;~b~b) are still dominant in a wide
parameter range.
2
2 Tree level result
We rst review the tree level results [6, 8]. The squark mass matrix in the basis (~qL,
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The mass eigenstates ~qi(i = 1; 2) (with m~q1 < m~q2) are related to the SU(2)L eigen-
states ~q( = L;R) by ~qi = R
~q
i~q.
The tree{level decay width of Hk ! ~qi~qj is then given by (see Fig. 1a)






For k = 1; 2; 3 Hk denotes the neutral Higgs bosons (i. e. H1  h0, H2  H0,
H3  A0) and ~q = ~t;~b. For k = 4 one has H4  H+ and ~qi  ~ti, ~qj  ~bj , and the upper
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Here g is the SU(2) coupling,  is the mixing angle in the CP even neutral Higgs
boson sector, cW  cos W and sW  sin W .
3 QCD corrections
The O(s) QCD virtual corrections to Hk ! ~qi~qj stem from the diagrams of Fig. 1b
(vertex corrections) and Fig. 1c (wave{function corrections). All parameters of the
QCD interacting particles, appearing in the tree{level mass matrix of eqs. (1) { (5)
and the tree{level couplings of eqs. (7) - (12), have to be renormalized. These are
the soft{SUSY{breaking squark masses M ~Q; ~U; ~D, the quark masses mt;b, the trilinear
couplings At;b, the squark masses m~q1;2 , and the mixing angles ~t;~b (, , and  are of
course not renormalized by QCD). In this paper we use the on{shell renormalization
scheme.
The one{loop corrected decay amplitudes G~q corrijk can be expressed as














ijk are the vertex and squark wave{function corrections, respectively.
G
~q (0)
ijk denotes the counterterm caused by the on-shell renormalization. They get
contributions from the gluon, gluino and squark exchange. (Again the upper index ~q
has to be omitted for k = 4.)
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5
CF = 4=3, ij is the unit matrix, ij is totally antisymmetric with 12 = 1,
A~q =
 
cos 2~q − sin 2~q
− sin 2~q − cos 2~q
!
; S ~q =
 
− sin 2~q − cos 2~q










and m~g is the gluino mass. A gluon mass  is introduced to regularize the infrared
divergences. The UV divergences are regularized by dimensional reduction (DR) [16,
17] which preserves supersymmetry at least at one{loop order. We use the usual one{,
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2 −m22)
:
In these integrals k~qi and −k~qj are the external momenta of ~qi and ~qj , respectively.
The squark wave{function corrections G
~q (w)
































Here and in the following i 6= i0 and j 6= j0. ~qij(k
2) are the one{loop corrections to
the two-point functions of ~qi~qj , which are obtained from the graphs of Fig. 1c. _(k
2)
denotes the derivative with respect to k2. The last two terms in (24) represent the
corrections due to squark mixing. Note that for H+ decay (k = 4) the subscripts i
and i0 are attached to ~t and j and j0 to ~b. The explicit forms of the self{energies and
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Now we discuss the shifts G
~q (0)
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To get the correction terms G
~q (0)
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where cot  (tan) has to be taken for ~q = ~t (~b).
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The terms mq, (mqAq), and ~q consist of three parts, denoted by the superscripts
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Note that m(~q)q = 0 because there is no corresponding Feynman graph.
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The renormalization of the squark mixing angle ~q is more complicated. We treated
this problem in [11] in the case of e+e− ! ~qi~qj . We xed the counterterm of the
mixing angle such that it cancels the o{diagonal part of the squark wave{function
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q cos
2 ~q − s2W eq) and a22 = 4(I
3L
q sin
2 ~q − s2Weq).
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In a combined treatment of both the stop and the sbottom sectors in the on{shell
scheme we have to pay special attention to the parameter M ~Q. This is necessary for
the calculation of the decay width of H+ ! ~t~b and of the branching ratios of Higgs
decays. At tree{level and in the DR scheme the same M ~Q must appear in the stop and
sbottom mass matrices because of SU(2)L symmetry. In the on{shell scheme, however,
this is not the case. We will in general get dierent shifts from the DR parameters to


















Here we take M ~Q(~t)jos as the on{shell input parameter. This then leads to a shift of












As all physical parameters are nite, the shift M2~Q(
~t) − M2~Q(
~b) has to be UV con-
vergent. This also means that this shift must be independent of the renormalization
scale Q. We can express M2~Q(~q) in terms of masses and mixing angles and their shifts
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)]. From the eqs. (39), (44), and





The one{loop corrected decay width to O(s) in the on{shell scheme is then given by












We have checked the UV convergence of the couplings G~q corrijk of eq. (13) and hence
also of Γ(Hk ! ~qi~qj). The width of eq. (49) is still infrared divergent.
The infrared divergences in (49) are cancelled by including theO(s) contribution
from real gluon emission from ~qi and ~qj (see Fig. 1e). The decay width of H
k(p) !
~qi(k1) + ~qj(k2) + g(k3) is given by
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(50)
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: (51)
The explicit forms of Ii1:::in are given in [18]. In (50), I11;22;12 are infrared divergent.
We have checked that the infrared divergences in (50) cancel those in (49). In the
numerical analysis we dene the corrected decay width as
Γcorr(Hk ! ~qi~qj)  Γ(H
k ! ~qi~qj) + Γ(H
k ! ~qi~qjg) : (52)
4 Numerical results and conclusions
We choose fmA0 , mt;b, M , , tan, M ~Q(~t), Ag (with M ~Q(~t)  M ~Q(~t)jos) as the ba-
sic input parameters of the MSSM, taking M = (2=s(m~g))m~g = (3=5 tan
2 W )M
0,





: 1 : 1 and A  At = Ab = A . Here M
(M 0) is the SU(2) (U(1)) gaugino mass, 2 = g
2=4, and (M~L; ~E, A ) are the mass
matrix parameters of the slepton sector [6, 8]. We take mt = 175 GeV, mb = 5 GeV,
mZ = 91:2 GeV, mW = 80 GeV, sin
2 W = 0:23, 2 = 0:0337, and s = s(mHk) for
the Hk decay. We use s(Q) = 12=f(33 − 2nf) ln(Q2=2nf )g, with s(mZ) = 0:12,
and the number of quark flavors nf = 5(6) for mb < Q  mt (for Q > mt).
We dene the QCD corrections as the dierence between the O(s) corrected
width Γcorr(Hk ! ~qi~qj) of eq. (52) (i. e. eqs. (49) plus (50)) and the tree{level width
Γtree(Hk ! ~qi~qj) of eq. (6) with M ~Q = M ~Q(~t) for both the ~t and
~b mass matrices.
Note that m~ti = m
tree
~ti
and m~bi 6= m
tree
~bi
due to the shift in M ~Q(




) is the on{shell ~qi{mass at one{loop level (at tree{level). This shift is cal-
culated by taking s at the scale M ~Q(~t) in eq. (48).
In order not to vary too many parameters, in the following we take the val-
ues of M;, and tan  such that m~01 ’ 70 GeV as in [8], where ~
0
1 is the lightest
















tree(Hk ! ~qi~qj) [6, 8] for
(tan ;M (GeV),  (GeV), M ~Q(~t) (GeV), A (GeV)) = (2, 160, 300, 95, 300) (a,
b, c), and (12, 140, {300, 150, {250) (d, e, f). In these cases we have (in GeV






) = (106, 252, 105, 124, 99, 113, 465,
128)(a,b,c) and (97, 297, 113, 215, 102, 210, 412, 133)(d,e,f). Here ~+1 is the lighter
chargino. We see that in these cases the ~t~b mode (the sum of the ~t~t and ~b~b modes)
dominates the H+ decay (the H0 and A0 decays) in a wide mA0 range at the tree{level,
and that the QCD corrections to the ~t~b mode (the ~t~t and ~b~b modes) are signicant,
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but that as a whole they do not invalidate the dominance of the ~t~b mode (the sum of
the ~t~t and ~b~b modes). Our calculation includes the leading Yukawa corrections to the
Higgs sector as in [6, 8]. Note that mH+ ’ mH0 ’ mA0 in the mA0 range shown here,
and that the A0 does not couple to ~ti
~ti and ~bi
~bi (i = 1; 2). As for h
0 decay, we have
found that the decay h0 ! ~t1
~t1 is kinematically allowed only in a very limited region
of the MSSM parameter space [8].
In Table 1 we show the values of the tree{level branching ratios Btree(H+ ! ~t~b)
(a, d), Btree(H0 ! ~t~t;~b~b) (b, e), Btree(A0 ! ~t~t;~b~b) (c, f), and the QCD corrections
C(H+ ! ~t~b) (a, d), C(H0 ! ~t~t;~b~b) (b, e), C(A0 ! ~t~t;~b~b) (c, f) for typical values of
M ~Q(~t) and A, for (mA0 (GeV), tan ,  (GeV), M (GeV)) = (400, 2, 300, 160) (a),
(450, 2, 300, 160) (b), (500, 2, 300, 160) (c), (400, 12, {300, 140) (d), (450, 12, {300,







~q) (k = 2; 3), C(H+ ! ~t~b)  (ΓcorrH+ (~t
~b) − ΓtreeH+ (~t
~b))=ΓtreeH+ (~t
~b),















~q) (k = 2; 3).
We see again that the QCD corrections are signicant, but that the ~q~q modes domi-
nate the H+, H0, and A0 decays in a wide region also when the QCD corrections are
included. We have found that our results are rather insensitive to the assumptions on
the ratios of M ~U; ~D;~L; ~E=M ~Q(~t) and Ab;=At.
Here we note that for large tan (and large jj) we often get negative corrected
widths for some of the ~b{involved modes (i. e. the ~bi
~bj and ~ti
~bj modes) depending on
the values of the other input parameters. This is mainly due to a large value of the
third term of (Abmb) of eq. (40) for large tan which leads to large values of the
shifts G
~b (0)
ijk , (k = 2; 3) and G
(0)
ij4 of eqs. (32), (36), and (37), which then can result





ij4 are roughly proportional to (Abmb) tan  mb  tan
2 .
In conclusion, we have calculated the O(s) QCD corrections to the decay widths
of H+ ! ~t~b and H0; A0 ! ~t~t;~b~b in the on{shell scheme, including all quark mass terms
and ~qL{~qR mixing. We nd that the QCD corrections are signicant, but that they
do not invalidate our previous conclusions at tree{level about the dominance of the
~t~b, and ~t~t;~b~b modes in a wide MSSM parameter region.
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Figure Captions
Fig. 1 All diagrams relevant for the calculation of the O(s) QCD corrections to the
width of Hk ! ~qi~qj in the MSSM.
Fig. 2 ThemA0 dependence of Γ
tree
Hk (~q
~q) (dashed line), ΓcorrHk (~q
~q) (solid line), andBtreeHk (~q
~q)
(short{dashed line) for (tan;M (GeV),  (GeV), M ~Q(~t) (GeV), A (GeV)) =
(2, 160, 300, 95, 300) (a, b, c), and (12, 140, {300, 150, {250)(d, e, f).
Table Caption
Table 1 Btree and C for typical values ofM ~Q(~t) andA, for various values of (mA0 ; tan; ;M).
See the text for details. The requirement m~t1;~b1;~l− > m~01 (’ 70 GeV) is satised



















































Table 1 Typical parameter points
MeQ(et)(GeV) A(GeV) Btree C MeQ(et)(GeV) A(GeV) Btree C
(a) 80 0 0:704 −0:002 (d) 140 −250 0:781 0:158
80 250 0:803 0:125 140 0 0:735 0:121
120 150 0:732 0:148 140 200 0:756 0:091
120 350 0:751 −0:052 180 −300 0:680 0:114
140 0 0:609 0:002 180 0 0:624 0:196
160 350 0:678 0:185 180 250 0:646 0:159
180 −150 0:506 −0:103 220 −400 0:669 0:103
240 550 0:706 0:241 220 350 0:600 0:135
(b) 80 0 0:818 −0:072 (e) 140 −250 0:595 0:201
140 100 0:752 0:164 160 −150 0:472 0:219
200 −150 0:746 −0:132 180 200 0:560 0:116
200 0 0:706 0:131 200 250 0:564 0:155
200 400 0:644 0:220 260 400 0:536 0:092
260 −300 0:649 −0:247 300 −600 0:611 0:011
260 600 0:777 0:153 340 650 0:497 0:075
360 900 0:865 0:171 400 −950 0:649 0:005
(c) 80 200 0:617 0:135 (f) 140 −250 0:591 0:270
80 300 0:680 0:118 140 −50 0:503 0:350
100 300 0:668 0:139 160 −150 0:498 0:334
120 250 0:616 0:185 160 0 0:445 0:389
140 200 0:550 0:244 180 −200 0:464 0:302
140 350 0:661 0:186 180 200 0:433 0:345
180 300 0:505 0:451 200 −350 0:531 0:071
180 450 0:672 0:221 200 300 0:434 0:402
15
